Properties of the solar wind are discussed and applied to the effect of the wind on motion of bodies in the Solar System. The velocity density function for the solar wind constituents is given by the κ−distribution. The relevant contributions to the solar wind action contain also the sputtering and reflection components in addition to direct impact. The solar wind effect is more important than the action of the solar electromagnetic radiation, as for the secular orbital evolution. The effect of the solar corpuscular radiation is more important than the Poynting-Robertson effect even when mass of the dust particle is considered to be constant, non-radial component of the solar wind velocity is neglected and the time dependence of the solar wind properties is ignored.
INTRODUCTION
Various non-gravitational forces have to be taken into account when dealing with orbital evolution of dust particles in the Solar System. Solar corpuscular radiation, i.e. solar wind, plays an important role besides the effect of solar electromagnetic radiation. Conventional approach considers the solar wind effect to be (20-30)% contribution to the velocity dependent part of the solar electromagnetic radiation effect (e.g., Whipple 1955 , 1967 , Dohnanyi 1978 , Abe 2009 ). This simple idea may not correspond to reality, in general (Klačka 1994 , Bruno et al. 2003 , Klačka et al. 2008 , 2012 , Klačka 2013 ).
This paper discusses the importance of the solar wind effect on the motion of an interplanetary dust particle (IDP). The paper may be considered as an another paper trying to understand action of various non-gravitational effects on motion of the IDPs. While the action of the electromagnetic radiation on spherical bodies, known as the PoyntingRobertson (P-R) effect, is well understood now (Poynting 1903 , Robertson 1937 , Klačka 1992b , 2004 , 2008a , 2008b , Klačka et al. 2009 ). Current understanding of the P-R effect is exact and it respects both the Lorenz-Mie solution of Maxwell's equations (Lorenz 1890 , Mie 1908 ) and the relativity theory. While the action of the electromagnetic radiation is completely understood now, even for arbitrarily shaped dust grains, this paper shows that the action of the solar wind cannot be considered to be satisfactorily understood. We reconsider the conventional statement that the P-R effect is (3 -5)-times more important than the solar wind effect, as for the long-term evolution of the IDP. Although Klačka (2013) has shown that the P-R effect is only 1.5-times more important than the action of the solar wind, the result holds for the Maxwell-Boltzmann velocity distri-bution of the solar wind corpuscles. This paper will got further and it will consider κ−distribution as a more realistic velocity distribution of the solar wind corpuscles.
This paper discusses the importance of the solar wind effect on motion of an IDP. We will concentrate on the fact that the kappa-distribution is the relevant velocity distribution for the solar wind corpuscles, in difference from the conventional approach considering the Maxwell-Boltzmann velocity distribution. Also the fact that the relevant contributions of the solar wind action on the IDP contain also the sputtering and reflection components in addition to direct impact, will be taken into account.
Action of an interstellar gas flow is relevant in the outer planetary zone and beyond it (Pástor et al. 2011 ). We will not treat the interstellar gas flow in our paper (we are constraining our analysis to low gas density regimes).
Stellar winds exist in greater part of stars (see, e.g., Strubbe and Chiang 2006, Plavchan et. al 2009) . Thus, better understanding of the action of the solar wind on evolution of bodies in the Solar System can improve our understanding of dust dynamics in disks around the stars.
SOLAR WIND INDUCED FORCE
We are interested in the solar wind induced force acting on an IDP. The relative velocity of an individual solar wind particle with respect to the solar wind rest frame is
where the vector − → u is the velocity of the individual solar wind particle with respect to the Sun and the vector − → u0 ≡ − → u is the solar wind bulk velocity or the mean/average solar wind velocity for a given moment (we do not consider the oscillation over the solar cycle, now). The relative velocity of the individual solar wind particle with respect to the IDP is
where − → v is the velocity of the IDP with respect to the Sun. The momentum transferred per impact is
where ξ is the adsorption coefficient or sticking factor, which describes the actual type of collision (i.e., specular, or diffuse, or adsorption; ξ ∈ 1, 2 ) and mi is the mass of a solar wind particle (i.e., proton, electron, alpha-particle He 2+ , ...).
The solar wind flux is
where ni0(ϕ,− → r ) is the local concentration of solar wind particles at 1 AU and it is a function of the solar cycle phase ϕ and heliocentric (unit) position vector− → r , in general. After multiplying by the cross-sectional area πR 2 of the IDP of radius R we get the number of solar wind particles
interacting with the IDP per second. Multiplication of expressions (3) and (5)
describes a change of momentum of the IDP after all interactions with solar wind particles per second. The solar wind induced force generated by the i−th type of the solar wind particles leads to the acceleration
where fi( − → w ) is a density function describing some velocity distribution and m is mass of the body under the action of the solar wind (interplanetary dust particle).
If the solar wind particles would behave as particles of an ideal gas, then one should use the Maxwell velocity distribution
where k is the Boltzmann constant, mi is mass of the ideal gas particle and TMi is the Maxwellian temperature. However, the physical kinetic model of the solar wind is based on the generalized Lorentzian or κ−distribution density function for solar wind particles (Vasyliunas 1968 , Scudder 1992a , Maksimovic et al. 1997 , Pierrard et al. 2004 , Gloeckler et al. 2010 , Lazar et al. 2012 :
where Γ(x) is the gamma function and wκi is an equivalent thermal speed. The wκi is related to the Maxwellian (thermal) temperature TM by
We remind that lim
In order to find the acceleration − → Fi, we have to insert Eqs. (8)-(10) into Eq. (7). One easily obtains (compare Banaszkiewicz et al. 1994 -Appendix B)
where
Maxwell velocity distribution
As for the Maxwell velocity distribution, Eqs. (14) yield
is the error function. Eqs. (11), (12) and (15) yield for the acceleration due to the solar wind particles
where r is the heliocentric distance, the symbols p, α and e denote protons, He 2+ and electrons, cDi is the drag coefficient given by
and
is the Mach number, u0 = 450 (468) km s −1 (Hundhausen 1997 , Zirker 1981 and ξ is the adsorption coefficient or sticking factor which describes the actual type of collisions, ξ = 2 for adsorption. Eq. (17) differs from Eqs. (19)- (20) and Eq. (A9) presented by Banaszkiewicz et al. (1994) .
Rewriting Eq. (17) into the form
helps us to obtain the form corresponding to Banaszkiewicz et al. (1994) :
since the acceleration generated by the solar wind electrons and other ions is negligible, see Banaszkiewicz et al. (1994 -p. 373 
and the indices d, r and s refer to direct impact, sputtering and reflection, respectively. Conventionally, c d D,p = 2 for the adsorption coefficient ξ = 2.
As for the direct impact, we can write
Using the values presented in Appendix C in Banaszkiewicz et al. (1994 -p. 373) , we can write
for various materials, and, 
Moreover, it is assumed that 
κ−distribution
It is well-known that κ−distribution match the observational data on solar wind particles in much better way than the Maxwell-Boltzmann distribution (see, e.g., Maksimovic et al. Gloeckler et al. (2010) . The constituents are characterized by the values κ ∈ 2, 5) (e.g., Lazar et al. 2012) .
The solar wind-induced acceleration has the following form, in the case of the κ−distribution of the solar wind particles, see Eqs. (10), (11), (12) and (14):
The acceleration represented by Eqs. (29) corresponds to the direct impact component. Thus, the total acceleration can be written as 
where also Eqs. (22), (25), (26), (27) and (28) are used (experimental data may improve the numerical values, in future), and,
The first integral in Eqs. (31) can be easily calculated using substitution and per partes methods:
Similarly, the second integral in Eqs. (31) yields
Eqs. (31), (32) and (33) yield 
OBSERVATIONAL DATA
Average values for protons, α-particles and electrons are collected in Table 1 for two different sources. Tables 2 and 3 present relative concentrations of several solar wind constituents for two sets of observational data. the special case, in order to show the importance of the equation of motion. We will use the value κ = 2.0, as a very good approximation to reality (see Maksimovic et al. 1997 , Lazar et al. 2012 , Pierrard 2012 . If κj = 2, then Eqs. (30) yield
He, heavy ions, molecular ions . (35) Eqs. (34) reduce to
As an example, we can mention that the electron drag coefficient for the direct impact is 30-times greater than it is conventionally assumed, i. e., c
is used and the data of Hundhausen (1997) are taken into account.
EQUATION OF MOTION OF IDP UNDER THE ACTION OF THE SOLAR WIND
On the basis of our presentation we can conclude that the equation of motion of a spherical body, under the action of the solar gravity, P-R effect and the solar wind, can be obtained from Eqs. (30) and (31), or, using κ = 2 as a very good approximation, Eqs. (35)- (36). The acceleration of the body due to the solar wind is
, T = 11.1 yr ,
He, heavy ions, molecular ions ,
where δij is the Kronecker delta, Tables 1 -4 (Sec. 3) can be used, αsw depends on material properties of dust particle, tmax is the instant of the solar cycle maximum, results from Klačka (1994) are used for− → ω in ecliptic coordinates and (k TM,j = 6.905 × 10 −16 J 1) and k TM,j = 2.762 × 10
In general, if one wants to make more exact calculations on the basis of the future observational data, then Secs. 2 -4 have to be used. However, the approximation κ = 2 is a much better approximation to reality than the conventional approach based on the Maxwell-Boltzmann velocity distribution.
Analytical approach
The aim of this section is to make some analytical calculations. The derived results can immediately shed light on the simple and most important terms in the equation of motion of the IDP under the action of the solar wind. The new results are easily comparable with the standard results used in scientific literature and textbooks during the last century.
Some useful relations
At first, the following expansions can be easily derived:
Eqs. (39) enable to find
1 q0j
Similarly,
Acceleration -dominant terms
Insertion of Eqs. (40)- (41) into Eqs. (37) yields
where we have omitted the terms of higher orders in v/u and
arctg ( nj np
One can use the values in Tables 1 -4 , see also Eqs. (38). Finally, (42)- (43) lead to the acceleration of the IDP due to the solar wind
where we introduced the dimensionless quantities (see also Klačka 2008a , 2008b , Klačka et al. 2009 )
L⊙ is the rate of energy outflow from the Sun, the solar luminosity, R is the radius of the IDP, m its mass, Q ′ pr is the dimensionless efficiency factor of the radiation pressure averaged over the solar spectrum, G is the gravitational constant, M⊙ is the mass of the Sun, c is the speed of light in vacuum mp is the proton mass, np is the proton concentration in the solar wind and S0 = 1.366 × 10 3 W m −2 denotes the solar electromagnetic flux. Numerically,
where R and ρ are radius and mass density of the homogeneous spherical IDP, and,
The error is about 0.1. In reality, the values presented in Eqs. 
where the index 0 denotes the time mean value. We used ηj0 . = [ηj (Hundhausen) + ηj (Zirker)] / 2, j = 1, 2, 3. It can be verified that the values presented in Eq. (48) hold not only for κ = 2, but also for κ = 4. We can summarize that the results given by Eq. (48) hold for 2 κ < 5. In any case, the observed properties of the solar wind are characterized by the values collected in Eq. (48).
If we take into account solar cycle, then
where Eqs. (37)- (38) 
If we want to take into account the change of the solar wind properties due to the existence of the solar cycle, then we may be interested in the contribution of the variable component in comparison with the mean value of the accelerations. The amplitude of the dominant part of the variable solar wind acceleration is proportional to (η20/Q ′ pr )η2Aδ, since the transversal component is more relevant than the radial component. The mean acceleration is proportional to (1 + η20/Q ′ pr ). The ratio (η20/Q ′ pr )η2Aδ/(1 + η20/Q ′ pr ) is presented in Table 5 , for several combinations of the values of the physical parameters η20, η2A and Q ′ pr (time variation was considered in Klačka et al. 2012 , so the corresponding values η20 = 0.38 and η2A = 2.0 are taken as reference values; δ = 0.15). The greater the value of η20, the greater is the importance of the variable solar wind component, for a given value of Q ′ pr . In general, (η20/Q ′ pr )η2Aδ/(1 + η20/Q ′ pr ) < η2Aδ = 0.33, since η2A = 2.2 and δ = 0.15.
If one would take into account that ni = ni0 (1−δ cos ϕ), i = p, α, e, and, δ ∈ 0.14, 0.15 , ϕ changes in 2 π within a solar cycle , then the ratios between the Zirker and the Hundhausen data correspond to, approximately, (1 + δ) / (1 − δ). This would indicate that the Zirker data hold for the solar cycle minimum and the Hundhausen data hold for the solar cycle maximum. The Zirker and the Hundhausen data show that although the ni = ni0 (1 − δ cos ϕ) holds for solar wind particles, the speed of the particles is practically constant, independent on the solar cycle: u = u0 ∈ 450, 468 km s −1 . One may use the value 450 km s −1 , or, the mean value 460 km s −1 . However, other observational data suggest u = u0 (1 − δ cos ϕ) (e.g., Banaszkiewicz et al. 1994 ).
Solar radiation and equation of motion of IDP

Equation of motion of the spherical IDP under the action of the solar electromagnetic and corpuscular radiation is
where Eq. (44) is used, and, see Eqs. (37),
, T = 11.1 yr , (46), (48), (49), (50),
Using the approximation− → u . = − → e R, Eq. (51) reduces to the following simple form:
The term (η2/Q ′ pr )u/c cannot be neglected, in general. It can be neglected for the constant solar wind, since its value is small in comparison with 1. However, for the (time-)variable solar wind, the variable term can be dominant with respect to other variable terms caused by the solar wind (see also Klačka et al. 2012 ).
Discussion
If one would like to use the fact that the solar wind speed depends on the phase of the solar cycle (Banaszkiewicz et al. 1994 , then
can be used. We remind that the quantity tmax is the instant of the solar cycle maximum. Eqs. (53) 
should be used. Moreover, Eqs. (53) have to be replaced by the following equations:
Secular orbital evolution
In order to better understand the action of the solar wind, we will neglect time variability of the wind, i.e. we will put δ = 0 in Eqs. (37). This assumption enables us to make some simple analytical calculations. We will use Eqs. (51) with the approximation
The vector− → ω can be used in ecliptic coordinates, approximately, see Eqs. (37). Let us consider motion of a spherical IDP in the gravitational field of the Sun and under the action of the solar radiation. On the basis of Eqs. (51) and (58) we can write
neglecting change of the mass of the IDP and its optical properties, and, using time averaging (approximation of the exact averaging given by Eq. 103 in Klačka 1992a)
one can easily obtain the secular evolution of a β and e β ( g → da β /dt, de β /dt and omitting the brackets ):
Initial conditions can be found in Sec. 6.1 in Klačka (2004) and will not be repeated here. Eqs. (64) show that a systematic secular decrease of semi-major axis and eccentricity exists, if the particle is not ejected from the Solar System due to the radiation pressure, for the case γT ≡ 0. However, the case γT = 0 for prograde orbits is more interesting. The first of Eqs. (64) enables also da β /dt > 0:
or, numerically,
if Eqs. (48) are used for η1, η2, u = 450 km s −1 , vE = 29.8 km s −1 , γT = 0.052, and, Q ′ pr = 1. As an example we can mention that da β /dt > 0 can be fulfilled already for a β > 4.8 AU for e β → 0. Similarly, the second of Eqs. (64) enables also de β /dt > 0:
if Eqs. (48) are used for η1, η2, u = 450 km s −1 , vE = 29.8 km s −1 , γT = 0.052, and, Q ′ pr = 1. The case de β /dt > 0 does not realize since, e.g., a β > 113.2 AU for e β → 0 and a β > 237.9 AU for e β = 0.85. The solar wind does not act at distances greater than about (100-150) AU and, moreover, the action of fast interstellar gas flow plays an important role at distances greater than about 20 AU (Pástor et al. 2011) .
Eqs. (64) can be partially analytically integrated for the case γT ≡ 0. The semi-latus rectum p β = a β (1 − e 2 β ) and Eqs. (64) yield dp
It can be easily verified that Eqs. (69) give
where p βin and e βin are initial values of the semi-latus rectum and the eccentricity. Eqs. (70) and the second of Eqs. (69) yield
Eq. (71) shows that the eccentricity is a decreasing function of time and the value e β = 0 occurs at a finite time. Eqs. (70) show that p β = a β = 0 at the same finite time. The time of spiralling toward the Sun from some initial values e βin and p βin to values e β and p β is τ (e βin ; e β ; η1; η2
The conventional case can be obtained from Eqs. (70) and (72): τ (e βin ; e β ; η0; η0) = − 2 5
where the conventional value of η0 is added. Eqs. (72)- (73) yield τ (e βin ; e β ; η1; η2) τ (e βin ; e β ; η0; η0)
Eqs. (48), (70), (73) and (74) give the following result: the real time of inspiralling toward the Sun is (0.54-0.56)-multiple of the conventionally considered time for the relative time of inspiralling toward the Sun, from some e βin to e β = 0, see Table 6 . Eqs. (72) can be rewritten to the form τ (e βin ; e β = 0; η1; η2) = 2 (β G M⊙/c)
where the function τT AB (e βin ) is represented by the data collected in Table 7 .
Stars
Our results may be applied to dust dynamics in disks around stars with stellar winds (see, e.g., Strubbe and Chiang 2006, Plavchan et al. 2009 ).
The time of spiralling toward the central star from an initial orbit
On the basis of Eqs. (45) and (72) e βin and p βin to values e β and p β :
τ (e βin ; e β ; η1; η2
Here L⋆ is the rate of energy outflow from the star, the stellar luminosity, R is the radius of the IDP, m its mass, Q ′ pr is the dimensionless efficiency factor of the radiation pressure averaged over the solar spectrum, G is the gravitational constant, M⋆ is the mass of the star, c is the speed of light in vacuum mp is the proton mass, np is the proton concentration in the stellar wind and S⋆0 denotes the stellar electromagnetic flux at a distance r0 from the star (S⊙0 ≡ S0 = 1.366 × 10 3 W m −2 is the solar electromagnetic flux). As for the homogeneous spherical IDP we have m = (4π/3) ρ R 3 , where ρ is the mass density of the IDP. Eq. (76) yields τSW (e βin ; e β ; η1; η2
for the stellar wind, i.e., corpuscular radiation, and,
e β e βin
for the electromagnetic radiation of the star. Eqs. (78) and (79) 
Eq. (80) 
More straightforward approach uses the first of Eqs. (64), when γT = 0 and, formally, e β = 0. Similarly, Eqs. (76), (78) and (79), give
Explicitly,
τ (e βin ≪ 1; e β ; η1; η2) = 1 4
τSW (e βin ≪ 1; e β ; η1; η2) = 1 4
We can write, as a good approximation,
where − → F P −R is the Poynting-Robertson force (electromagnetic radiation pressure force) and − → F SW is the stellar wind force (corpuscular radiation pressure force):
where the change of test particle mass m, due to the action of the stellar wind, is neglected. We remind that the electromagnetic radiation pressure force contains both the non-velocity and velocity terms of the body moving with respect to the central star, the source of the electromagnetic radiation; the same holds for the corpuscular radiation pressure force. 
if also the second of Eqs. (77) 
The ratio of repulsive to gravitational forces
As an illustration of the importance of our new results, we will shortly discuss the ratio of repulsive to gravitational forces. Defining the parameter
where the dimensionless factor
measures the extent to which the pressure exerted by the radial wind dominates electromagnetic radiation pressure, see, e.g., Eqs. (5)-(7) in Strubbe and Chiang (2006) . We remind that L⋆ is the luminosity of the star, M⋆ its mass andṀ⋆ is the amount of stellar wind mass ejected by the star per unit time. The quantity Q wind is the dimensionless cross section the dust grain presents to wind pressure. Comparing with our physical approach, we can write
Eqs. (89)- (90) can be rewritten to the form
The quantity βESW R is the relevant quantity which has to be used as the β parameter in the initial values of orbital elements presented by Klačka (2004 -Eqs. 58-59, or 
Eq. (82), the second of Eqs. (85) and Eq. (91) yield
The first of Eqs. (77), the second of Eqs. (84) ), then we would obtain Q wind . = 1.0, which is consistent with the conventionally used value (see, e.g., Strubbe and Chiang 2006 -p. 654 ). However, if we use the physical value η2 = 1.4, then Q wind . = 3.8. The valuesṀ⊙ . = 2.0 × 10 −14 M⊙ yr −1 (e.g., Plavchan et al. 2009 -Sec. 4.4. 3) and η2 = 1.4 lead to
If we would use the approximationη⊙2/η⋆2 . = 1 in Eq. (88), then we would obtain τSW τE
which is different from the conventional approach using the value 3 instead of 5/7 (see, e.g., Plavchan et. 
We stress that Eq. (97) holds. On the basis of Eqs. (84) we can write τ (e βin ; e β ; η1; η2) τE(e βin ; e β ) τ (e βin ≪ 1; e β ; η1; η2) τE(e βin ≪ 1; e β ) .
This formula can be applied to the zodiacal cloud in the Solar System. Using the approach presented by Fixsen and Dwek (2002) , Eq. (101) yields τ (e βin ; e β ; η1; η2) τE(e βin ; e β ) 1 1 + η2/Q ′ pr 
i.e. 4-times higher than the value found by Fixsen and Dwek (2002) . For a particle mass density of ̺ = 3 g cm −3 , a grain radius of 30 µm, and a radiation pressure efficiency Q ′ pr = 0.5, we find that the lifetime for a particle at 1 AU is about 3.3 × 10 4 yr instead of 10 5 yr presented by Fixsen and Dwek (2002) .
We now turn to an application to M dwarfs. On the basis of Eqs. (92) and the data given by Plavchan et al. (2005, Sec. 5 . 6), we can write βESW R . = x βE gL gM + x βwind fM gM a radiation pressure efficiency Q ′ pr = 0.5, we find that the lifetime for a particle at 1 AU is about 3.3 × 10 4 yr instead of 1.3 × 10 5 yr found by Fixsen and Dwek (2002) . The non-radial component of the solar wind velocity (γT = 0 in Eq. 37), the change of the solar wind properties during the solar cycle and the decrease of the particle's mass enhance the difference between the solar wind action and the P-R effect.
The equation of motion represented by the above discussed forms, including the simple Eq. (106), may significantly change our understanding of the long-term orbital evolution of dust particles, since the total radiation effect is more important than it has been considered up to now. This holds both for the Solar System and surroundings of other stars with stellar winds, see also Sec. 5.2 (e.g., the dimensionless cross section the dust grain presents to wind pressure is Q wind . = 4.7, instead of the conventionally used value 1.0). Maybe, initial stages of creation of planetary systems are more rapid. As an application we can also mention that more abundant sources of dust grains, e.g., asteroids and short periodic comets, are required in the Solar System (about 4-times of the conventional ideas). Other applications concern orbital evolution in mean-motion orbital resonances with planets, possible capture of interstellar dust grains in the Solar System, etc. .
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